The radiative perturbation associated to stratospheric aerosols from major explosive volcanic eruptions may induce significant changes in stratospheric dynamics. The aerosol heating rates warm up the lower stratosphere and cause a westerly wind anomaly, with additional tropical upwelling. Large scale transport of stratospheric trace species may be perturbed as a consequence of this intensified Brewer-Dobson circulation. The radiatively forced changes of the stratospheric circulation during the first two years after the eruption of Mt. Pinatubo (June 1991) may help explain the observed trend decline of long-lived greenhouse gases at surface stations (approximately −8 and −0.4 ppbv/year for CH 4 and N 2 O, respectively). This decline is partly driven by the increased mid-to high-latitude downward flux at the tropopause and also by an increased isolation of the tropical pipe in the vertical layer near the tropopause, with reduced horizontal eddy mixing. Results from a climate-chemistry coupled model are shown for both long-lived trace species and the stratospheric age-of-air. The latter results to be younger by approximately 0.5 year at 30 hPa for 3-4 years after the June 1991 Pinatubo eruption, as a result of the volcanic aerosols radiative perturbation and is consistent with independent estimates based on long time series of in situ profile measurements of SF 6 and CO 2 . Younger age of air is also calculated after Agung, El Chichón and Ruiz eruptions, as well as negative anomalies of the N 2 O growth rate at the extratropical tropopause layer. This type of analysis is made comparing the results of two ensembles of model simulations , one including stratospheric volcanic aerosols and their radiative interactions and a reference case where the volcanic aerosols do not interact with solar and planetary radiation.
Introduction
Large explosive volcanic eruptions are capable of injecting considerable amounts of particles and sulfur gases above the tropopause, causing increases in stratospheric aerosol optical depth even larger than one order of magnitude [1, 2] . Perturbations of trace species transport [3] [4] [5] result from dynamical changes due to stratospheric aerosol heating [6] and climate changes associated with increasing scattering of the incoming solar radiation [7] [8] [9] . Stratospheric dynamical perturbations may in turn affect surface climate [10] . Summarizing, the dynamical perturbation of the volcanic aerosols is twofold: (a) the stratospheric mean meridional circulation is affected by local aerosol radiative heating and photo-chemically induced ozone changes [11] ; and (b) the planetary wave propagation in the mid-to high-latitude lower stratosphere is altered as a consequence of perturbed atmospheric stability due to the climate perturbation and the westerly wind positive anomaly in the stratosphere [6] . The latter is a consequence of the lower stratospheric temperature increase [12] due to the additional aerosol heating rates [6] . For tropical eruptions (or planned sulfate geoengineering), the stronger pole-to-equator gradient of net heating rates ends up in an additional residual upwelling motion [5, 13] .
As a consequence, the large scale transport of stratospheric trace species may be radiatively affected by the volcanic aerosols from major eruptions, as well as the dispersal of the aerosol cloud itself [14, 15] . The phase of the quasi-biennial oscillation (QBO) of equatorial mean zonal winds, however, is even more important for stratospheric trace species transport, including volcanic aerosol transport [6, 16] . Using satellite aerosol data, Trepte and Hitchman [16] have studied the tropical stratospheric circulation under dominant easterly or westerly shear of the QBO. Enhanced upwelling motion is found everywhere in the tropical stratosphere during years with dominant easterly shear, while descent relative to the mean stratospheric circulation occurs over the equator during years with dominant westerly shear. In the latter case, more aerosols can be transported downward close to the tropopause, where poleward isentropic transport is rather efficient. The additional upwelling forced by volcanic aerosols from major tropical eruptions has therefore a feedback on the stratospheric dynamics similar to that of the QBO easterly shear and may help confine the aerosol particles in the tropical reservoir, increasing their lifetime [6] . The QBO-modulated level of isolation of the stratospheric tropical pipe may also significantly affect the horizontal mixing of stratospheric trace species and age of air [17] .
An enhanced aerosol loading in the tropical stratosphere, in turn, may also modify the natural evolution of the QBO itself. Aquila et al. [18] have studied the possible impact of a sustained stratospheric injection of SO 2 , as suggested, for geoengineering experiments. In their study, they found that such an injection dramatically alters the QBO, prolonging the time permanence of the westerly phase in the tropical lower stratosphere.
The radiatively forced changes of the stratospheric circulation during the first two years after the eruption of Mt. Pinatubo (June 1991) may help explain the observed growth rate decline of long-lived greenhouse gases (CH 4 and N 2 O in particular) [4, 19] , as a result of the increased mid-to high-latitude downward flux at the tropopause in the lower branch of the Brewer-Dobson circulation (BDC). Since the stratosphere contains lower CH 4 and N 2 O mixing ratios, a decline in the observed trends could result from a higher degree of exchange between the stratosphere and the troposphere. Changes in tropospheric OH may also have affected the CH 4 abundance after the Pinatubo eruption [20, 21] , through the following mechanisms: (a) tropospheric water vapor response to the aerosol-driven surface cooling, followed by a decreased OH production; (b) perturbed tropospheric UV budget, due to additional aerosol scattering and stratospheric ozone changes; and (c) increase of sulfate aerosol surface area density (SAD) in the mid-upper troposphere, which enhances the heterogeneous chemical loss of NO x . The role of OH variability has also been proposed to explain the flat CH 4 growth rate from 1999 to 2006 [22] , as well as decreasing anthropogenic CH 4 emissions in Europe and Siberia [23, 24] .
Ray et al. [17] have used a tropical leaky pipe model [25] and SF 6 and CO 2 measurements to study the time series of the stratospheric age of air from 1975 to 2012. They found age variability associated with seasonal, QBO and decadal time scales, with the QBO variability being largest in the 20-30 km altitude range, consistent with the mean age analysis of Diallo et al. [26] . The age time series of Ray et al. [17] also shows two distinct minima above 25 km in the mid-1980s and early 1990s, following the eruptions of El Chichón and Pinatubo, respectively. Younger age of air is expected in connection with the aerosol radiative perturbations and related enhancement of the tropical upwelling. The largest increase of the stratospheric residual vertical velocity is found in the 20-28 km altitude region after major volcanic eruptions [27] , so that age of air changes should be found inside or above this region.
The age of air behavior, however, cannot be simply related to the tropical ascent rate and its perturbations in the lower and mid-stratosphere, due to the simultaneous controlling role of the large scale horizontal mixing. Strahan et al. [28] have diagnosed stratospheric transport in climate-chemistry coupled models using observed data for age of air and N 2 O mixing ratios, for a better assessment of the two main factors controlling stratospheric species transport, i.e., tropical ascent rate and horizontal mixing. These two together affect the stratospheric age of air, whereas the latitudinal age gradient vertical profile may be regarded as an empirical measure of the ascent [25] , at least in the limit of low vertical diffusion. This is because the horizontal mixing across the subtropics would equally affect both tropical and mid-latitude mean age, so that its latitudinal gradient would remain unchanged. On the other hand, the tropical N 2 O vertical profile can be regarded as a measure of the horizontal mixing, because tropical N 2 O has essentially no loss below 30 hPa, so that the tracer mixing ratio is insensitive to the ascent alone. The decreasing mixing ratio with height is due to the effects of horizontal mixing as the air ascends. This means that the volcanic aerosol radiative perturbation has to be considered not only on the tropical vertical upwelling, but also in its potential impact on the tropical pipe isolation, as observed above for the QBO phase effects.
Long time trends of age of air resulting from changes of the Brewer-Dobson circulation have been discussed in Ray et al. [17] and Garfinkel et al. [29] . They found a distinctly different behavior between the lower stratosphere (with a steady accelerating BDC and decreasing age of air) and the mid-stratosphere, which shows a more complex behavior. The analysis of Garfinkel et al. [29] highlights a decelerating BDC and an increasing age of air from late 1980s for approximately 25 years and contrary to the previous decades, despite increases in greenhouse gas concentrations and warming sea surface temperatures. This deceleration recalls changes inferred from in situ balloon-based stratospheric observations [17, 30] and satellite data [31] .
The volcanic aerosol perturbation on long-lived species transport and stratospheric age-of-air will be discussed in this study by means of numerical simulations conducted with the University of L'Aquila climate-chemistry-aerosol coupled model (ULAQ-CCM). This type of analysis is made by comparing the results of two ensembles of model simulations: a reference case with no volcanic heating perturbations and a sensitivity experiment where the radiative impact of stratospheric aerosols from the major volcanic eruptions has been considered. A detailed evaluation is made for age-of-air and stratospheric trace species calculated in the ULAQ model, using available observations from aircraft, balloons and satellite instruments.
Experimental Section
The climate-chemistry-aerosol coupled model used in this study (ULAQ-CCM) has been documented in the recent literature [13] and properly evaluated in model inter-comparison campaigns [32] [33] [34] , with detailed analyses and model inter-comparison of long term trends of tropopause temperature and water vapor [35] , stratospheric ozone [36] , surface UV [37] and age of air [38] . The radiative module has been evaluated for the calculation of photolysis rates in SPARC-Photocomp-2011 (Stratosphere-Troposphere Processes and their Role in Climate) [39, 40] and for the calculation of shortwave radiative fluxes in AeroCom-2011 [41] . The radiative module for both shortwave and longwave radiative fluxes has also been tested and evaluated in Pitari et al. [42] .
For the sake of completeness we briefly summarize here the basic model features. The ULAQ-CCM is a global scale composition-climate coupled model, including on-line aerosol-chemistry-climate interactions. It uses 126 log-pressure vertical levels extending from the surface to the mesosphere (0.04 hPa), with a T21 horizontal resolution (5 • × 6 • lat × lon). In the main region of study (i.e., 100-10 hPa), the ULAQ-CCM includes 30 vertical levels, with an altitude resolution of 0.568 km. The model includes an external forcing code for the QBO, using a time series of monthly-mean observed equatorial zonal winds from 1960 to 2010 [43] . Monthly varying boundary conditions are used for long-lived species, sea surface temperatures (SST) and aerosol SAD. Top-of-atmosphere solar fluxes are also prescribed as monthly varying spectrally-resolved solar irradiance data from the NRLSSI model. Details on the external data sources for long-lived species mixing ratios, sea surface temperatures, aerosol SAD and top-of-atmosphere solar fluxes are given in Eyring et al. [44] . The radiative transfer module operating on-line in the ULAQ-CCM, is a two-stream delta-Eddington approximation model for the calculation of photolysis rates in the ultra-violet (UV) to visible (VIS) wavelengths and for solar heating rates and radiative forcing in UV-VIS and solar near-infrared (NIR) bands [45] . In addition, a companion broadband, k-distribution longwave radiative module is used to compute radiative transfer and heating rates in the planetary infrared spectrum [46] .
The chemistry module calculates the chemical evolution of long-lived and surface-flux species (CH 4 , N 2 O, CFCs, HCFCs, CO, NO x , NMVOC (i.e., non-methane volatile organic compounds)), with medium-and short-lived species grouped in the families O x , NO y , HO x , CHO x , Cl y , Br y , SO x and aerosols. The model includes the major components of stratospheric and tropospheric aerosols (sulfate, nitrate, organic and black carbon, soil dust, sea salt, PSCs). The aerosol module includes SO x chemistry, gas-particle conversion (starting from SO 2 oxidation by OH, H 2 O 2 , O 3 ) and microphysical processes for aerosol growth (homogeneous/heterogeneous nucleation, coagulation, condensation/evaporation); this allows explicit prediction of the sulfate aerosol size distribution. Details on tropospheric sulfur chemistry and aerosol products evaluation with satellite observations are given in Pitari et al. [47] ; aircraft and in-situ campaign data have also been used to evaluate the ULAQ model tropospheric chemistry [47, 48] .
A detailed description of the numerical experiments made for this study is given in Pitari et al. [6] , which should be intended as a companion paper of the present one. Pitari et al. [6] focus on volcanic aerosol transport, lifetime, size distribution, stratospheric circulation changes and radiative forcing, whereas the goal of the present study is to analyze the impact of the aerosol induced radiative perturbation on stratospheric species transport and age of air. In the present work, the model has been run for a total of 20 time-dependent simulations from 1960 to 2005. Of these numerical experiments, 10 will be from now on referred to as "volcanic perturbed" simulations (VE) with inclusions of the volcanic aerosols, both in heterogeneous chemistry and in the radiative transfer code (see Table 1 ). The other 10 experiments will be referred to as "reference" simulations (REF): they do not include the volcanic aerosols, except in the heterogeneous chemistry code, through use of externally specified time-dependent fields of SAD [44] . This same SAD is also used in the VE experiments, so that we may isolate the radiative impact of the volcanic aerosols, keeping heterogeneous chemistry unchanged, between VE and REF experiments. Results will be presented and discussed in terms of VE-REF anomalies, obtained from an average over the ensemble of simulations, in order to highlight the role of volcanic aerosols radiative interactions. Table 1 . Major volcanic eruptions considered in the present study, with the adopted amounts of the injected SO 2 and indication of the QBO E/W shear at the eruption time and following months. The vertical layer of SO 2 injection is assumed between 90 and 40 hPa (~16-22 km altitude), with a peak at 60 hPa (~18 km altitude). Performing an ensemble of simulations allows for a significant increase in the robustness of the calculated VE-REF anomalies for the main quantities involved in this study (vertical velocity, mean zonal wind, horizontal eddy fluxes, age of air, mixing ratio of long-lived tracers). As an example, the 20-30 hPa anomaly of the residual vertical velocity in the second half of 1991 (i.e., the Pinatubo case) is calculated to be 0.050 ± 0.015 mm/s, with the uncertainty being the standard deviation from the ensemble of simulations. Another important example is the mid-stratospheric westerly wind anomaly in the same period of time, calculated in the range of 7-10 m/s at 10 hPa and 45 • latitude. The interannual variability of mean zonal wind anomalies relative to a reference decade (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) 
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Results and Discussion
The . Enhanced tropical upwelling of the order of 10%-40% is calculated during July 1991-June 1992 as a result of the additional aerosol heating rates in the tropical lower stratosphere, with consequent temperature increase and extratropical westerly wind anomaly that favors planetary wave propagation from the troposphere [6] . By continuity, this enhanced tropical upwelling enhances the downwelling in the extra-tropics [15] . 
The Table 1 ); that is, Agung, El Chichón, Ruiz and Pinatubo.
A detailed discussion of the Pinatubo aerosol heating rates along with the consequent perturbation in the lower stratospheric dynamics is given in Pitari [3] and more recently in Pitari et al. [6] . In the latter paper the role of the QBO is discussed, for producing a better confinement of the volcanic aerosols in the tropical pipe during time periods of easterly shear of the mean zonal equatorial winds, as in the Pinatubo case [16] . The volcanic perturbation of the dynamics lasts as long as there is a strong gradient of the aerosol concentration between the tropics and mid-latitudes [5] . For this reason a major volcanic event taking place with easterly shear of the QBO during the months following the Table 1 ); that is, Agung, El Chichón, Ruiz and Pinatubo.
A detailed discussion of the Pinatubo aerosol heating rates along with the consequent perturbation in the lower stratospheric dynamics is given in Pitari [3] and more recently in Pitari et al. [6] . In the latter paper the role of the QBO is discussed, for producing a better confinement of the volcanic aerosols in the tropical pipe during time periods of easterly shear of the mean zonal equatorial winds, as in the Pinatubo case [16] . The volcanic perturbation of the dynamics lasts as long as there is a strong gradient of the aerosol concentration between the tropics and mid-latitudes [5] . For this reason a major volcanic event taking place with easterly shear of the QBO during the months following the eruption (i.e., Pinatubo) is expected to prolong in time the latitudinal gradient of the aerosol heating rates, with a stronger impact on the tropical upwelling and on the whole mean meridional stratospheric circulation. Figure 1a shows that the w* change is clearly less pronounced for large eruptions such as Agung and El Chichón that are coincident with a westerly shear of the QBO [6] .
Stratospheric circulation changes are the result of the volcanic aerosol radiative heating, which also produces a significant warming in the lower stratosphere. Figure 1c shows that the model calculated stratospheric warming compares reasonably well to observations during the volcanic periods (in terms of detrended temperature anomalies). An underestimated temperature increase, however, is calculated after the El Chichón eruption, probably due to some degree of inaccuracy in the vertical positioning of the initial SO 2 cloud or in the subsequent large scale transport of the aerosols. In general, Figure 1 may suggest that the apportionment of the aerosol radiative heating between enhanced tropical upwelling and local stratospheric warming is rather realistic in the ULAQ-CCM experiments.
The calculated vertical profile changes of w* averaged for 12 months after the Pinatubo eruption are presented in Figure [5] , the reason of this inter-hemispheric asymmetry should be found in the time of year of the eruption relative to the phase of Brewer-Dobson circulation. They have proved that this dynamical perturbation has increased Southern Hemisphere ozone via advection, counteracting the ozone depletion due to heterogeneous chemistry on Pinatubo aerosols. Satellite observations have in fact shown a northern mid-latitude ozone decrease and a small southern mid-latitude increase, even though NO 2 decreased at both southern and northern mid-latitudes in the year following the eruption of Mt. Pinatubo, with significant additional ozone depletion via heterogeneous chemistry.
Atmosphere 2016, 7, 149 6 of 22 eruption (i.e., Pinatubo) is expected to prolong in time the latitudinal gradient of the aerosol heating rates, with a stronger impact on the tropical upwelling and on the whole mean meridional stratospheric circulation. Figure 1a shows that the w* change is clearly less pronounced for large eruptions such as Agung and El Chichón that are coincident with a westerly shear of the QBO [6] . Stratospheric circulation changes are the result of the volcanic aerosol radiative heating, which also produces a significant warming in the lower stratosphere. Figure 1c shows that the model calculated stratospheric warming compares reasonably well to observations during the volcanic periods (in terms of detrended temperature anomalies). An underestimated temperature increase, however, is calculated after the El Chichón eruption, probably due to some degree of inaccuracy in the vertical positioning of the initial SO2 cloud or in the subsequent large scale transport of the aerosols. In general, Figure 1 may suggest that the apportionment of the aerosol radiative heating between enhanced tropical upwelling and local stratospheric warming is rather realistic in the ULAQ-CCM experiments. An evaluation of the ULAQ-CCM tropical upwelling is made using vertical velocity data from MERRA reanalysis [49] (Figure 3 ). In Figure 3a ,b we show w* time series at 30 hPa and 50 hPa, respectively, in the tropical region (20 • S-20 • N average; VE simulation). A 20% underprediction of w* is found in the model during 1992 at 30 hPa. This could result either from a model underestimation of the volcanic aerosol enhancement of vertical ascent or from a model inaccuracy in the interannual w* variability. The underestimation, however, is well inside the observed range of variability of tropical upwelling (of the order of ±30%). A linear fit of the data shows that the ULAQ-CCM predicts a w* growth rate of 0.009 mm·s −1 ·decade −1 , which is somewhat smaller than (but comparable to) the MERRA growth rate of 0.013 mm·s −1 ·decade −1 (mostly due to time-increasing well mixed greenhouse gases). The seasonal cycle of the lower stratospheric tropical w* is also reasonable, as shown in Figure 3c at 30 hPa and also in Figure 3b Figure 3d and is in excellent agreement with MERRA data averaged over the same years, except for some overestimation immediately above the TTL. Figure 3d and is in excellent agreement with MERRA data averaged over the same years, except for some overestimation immediately above the TTL. Strahan et al. [28] have used transport diagnostics in the lower stratosphere to better understand chemistry-climate model ozone simulations. Observed and simulated stratospheric N2O, mean age of air and their correlation were used as powerful diagnostics tools for identifying too fast or slow model circulations and details of tropical isolation and upwelling. Vertical profiles of N2O and horizontal mean age gradient in the tropical lower stratosphere below 30 hPa were used to diagnose the effects of horizontal mixing and tropical ascent rate, respectively, whereas the vertical profile of tropical mean age of air is sensitive to ascent and mixing together. For this reason we may expect that changes in tropical upwelling due to volcanic aerosols from major explosive eruptions may significantly affect the stratospheric age of air and its latitudinal gradient. This is shown in Figure 4 , where the time series of age of air (Figure 4a Strahan et al. [28] have used transport diagnostics in the lower stratosphere to better understand chemistry-climate model ozone simulations. Observed and simulated stratospheric N 2 O, mean age of air and their correlation were used as powerful diagnostics tools for identifying too fast or slow model circulations and details of tropical isolation and upwelling. Vertical profiles of N 2 O and horizontal mean age gradient in the tropical lower stratosphere below 30 hPa were used to diagnose the effects of horizontal mixing and tropical ascent rate, respectively, whereas the vertical profile of tropical mean age of air is sensitive to ascent and mixing together. For this reason we may expect that changes in tropical upwelling due to volcanic aerosols from major explosive eruptions may significantly affect the stratospheric age of air and its latitudinal gradient. This is shown in Figure 4 , where the time series of age of air (Figure 4a ,b) and latitudinal age gradient (Figure 4c,d ) are compared between experiments VE and REF. Younger age of air and lower age gradient are predicted at 30 hPa and also above the aerosol cloud location (10 hPa) when the radiative effects of the volcanic aerosols are taken into account (VE case), for all three major eruptions since 1960, i.e., Agung, El Chichón and Pinatubo. In the Pinatubo case this effect is close to 0.5 year at 30 hPa and is prolonged in time up to approximately 3-4 years after the eruption. This is consistent with the larger initial aerosol optical depth and the enhanced particle confinement in the tropical pipe [6] , that help increasing the stratospheric aerosol lifetime and their radiative-dynamical impact.
SF 6 and CO 2 measurements were used by Ray et al. [17] along with a tropical leaky pipe model, to study the stratospheric age of air from 1975 to 2012. Besides age variability on seasonal, QBO and decadal time scales, they also found two distinct minima above 25 km following the eruptions of El Chichón and Pinatubo. In the latter case they found a mean age decrease of~0.5 year in the 25-30 km altitude layer during 1992 and 1994 with respect to a linear fit of the data, with approximately zero change during 1993, which is rather similar to our findings at 10 hPa (see Figure 4a ,c). Taking into account the discussion above [28] , the model predicted comparable minima of age of air and age gradient suggest that the main driver mechanism for the younger age is the radiatively forced additional tropical upwelling (see Figures 1 and 2) .
The time tendency of the age gradient in Figure 4c ,d is consistent with the results of Ray et al. [38] , who again used a tropical leaky pipe model, guided in this case by mean meridional circulation and horizontal mixing changes in several reanalysis data sets and chemistry climate model simulations. They found in fact that the best quantitative agreement with the observed mean age and ozone trends over the past three decades is found assuming a small strengthening of the mean circulation in the lower stratosphere and a moderate weakening of the mean circulation in the middle and upper stratosphere. These changes imply a negative/positive time tendency of the tropical ascent rate in the mid-upper/lower stratosphere, respectively, which drive the positive/negative time tendency of the age of air latitudinal gradient [28] (Figure 4c,d, respectively) .
Similar conclusions are also reached by Garfinkel et al. [29] , who find a difference in the time varying Brewer Dobson circulation when considering the mid stratosphere against the lower stratosphere and when analyzing the past 25 years of their model simulation against longer time periods. After the late 1980s, they find a deceleration of the circulation in the mid-stratosphere and northern mid-latitudes, despite increases in greenhouse concentrations and raising sea surface temperatures, while the Brewer Dobson circulation continues to accelerate in the lower stratosphere. Declining ozone depleting substances and the timing of volcanic eruptions are found as the main forcing agents for the mid-stratospheric circulation slowdown, with effects on tropical upwelling and age of air that are similar to those shown in Figure 4a . During years 1986-2005, the ozone recovery leads to slow down the deep branch of the BDC (Lin and Fu) [50] and this is coupled to its strengthening produced by Ruiz and Pinatubo aerosols in late 1980s and early 1990s [29] . The resulting overall effect is the positive trend in age of air shown in Figure 4a for the VE simulation. On the other hand, up to 30 hPa (Figure 4b) , the age of air shows a steady decrease from 1960 to 2005 in both REF and VE simulations, indicating a continuous strengthening of the shallow branch of the BDC, that is only affected by the greenhouse gas (GHG) increase [50] . [17] show that the vertically resolved trends in the measurement-based mean ages are negative in the lower stratosphere and positive in the upper stratosphere, with a significant reduction of the uncertainty. This latter result suggests that lower and upper branches of the BDC have changed differently [50, 51] .
Tropical vertical profiles of mean age and its latitudinal section at 30 hPa are shown in Figure 5 for the Pinatubo case (1991-1992 average). As clearly visible from Figure 5a , the calculated age of air negative anomaly VE-REF increases with altitude from zero at ~22 km to ~0.5 year close to 30 km, whereas the mid-latitude vertical profile in Figure 5b increases from zero at ~19 km to ~1 year close to 30 km. For this reason, the latitudinal age gradient presented in Figure 5c goes from positive values above the TTL up to ~19 km and then increases with altitude up to ~0.5 year in the layer 21-25 km. [17] show that the vertically resolved trends in the measurement-based mean ages are negative in the lower stratosphere and positive in the upper stratosphere, with a significant reduction of the uncertainty. This latter result suggests that lower and upper branches of the BDC have changed differently [50, 51] .
Tropical vertical profiles of mean age and its latitudinal section at 30 hPa are shown in Figure 5 for the Pinatubo case (1991-1992 average). As clearly visible from Figure 5a , the calculated age of air negative anomaly VE-REF increases with altitude from zero at~22 km to~0.5 year close to 30 km, whereas the mid-latitude vertical profile in Figure 5b increases from zero at~19 km to~1 year close to 30 km. For this reason, the latitudinal age gradient presented in Figure 5c goes from positive values above the TTL up to~19 km and then increases with altitude up to~0.5 year in the layer 21-25 km. This behavior is closely related to the magnitude and sign of the w* anomaly vertical profile in the tropical region, with a positive maximum in the 22-28 km layer and negative values below 19 km [6] . The latitudinal gradient of volcanic aerosol heating rates is responsible for the positive anomaly, whereas the negative anomaly below~19 km is induced by the tropospheric cooling and consequent increased atmospheric stabilization. The complete latitudinal section at 30hPa is presented in Figure 5d , with age values in the VE case ranging between two years at the equator and 4. This behavior is closely related to the magnitude and sign of the w* anomaly vertical profile in the tropical region, with a positive maximum in the 22-28 km layer and negative values below ~19 km [6] . The latitudinal gradient of volcanic aerosol heating rates is responsible for the positive anomaly, whereas the negative anomaly below ~19 km is induced by the tropospheric cooling and consequent increased atmospheric stabilization. The complete latitudinal section at 30hPa is presented in Figure 5d , with age values in the VE case ranging between two years at the equator and 4.5 and 4.8 years poleward of 60°N and 70°S, respectively. On the other hand, in the REF case the mean age at 30 hPa ranges between 2.4 years at the equator and 5.4 years in both polar regions. The robustness of the model calculated age of air anomalies requires a careful evaluation of the stratospheric mean age in the ULAQ-CCM. This is done in Figure 6 , where we first show the zonally and annually averaged values in a 2D domain (Figure 6a ): the ULAQ-CCM results are rather similar to those derived in Strahan et al. [28] who made a linear fit to the mean age and N2O points (with N2O > 150 ppbv), using N2O from the Atmospheric Chemistry Experiment (ACE) climatology 2004-2009 [52] . The age steep gradients are correctly simulated, both horizontally in the 10-50 hPa layer and vertically in the 50-100 hPa layer in the extratropics. A quantitative comparison with the measurements collected in Andrews et al. [53] and Engel et al. [30] is presented in Figure 6b -e: in all cases, the ULAQ-CCM predictions are well inside the 1σ variability range of observations and close to their mean values. For this reason, the model bias with respect to the measurement mean is close to zero for both the tropical age of air and the age latitudinal gradient (Figure 6f,g ) and well inside the 1σ variability range of the observations.
As noted before, a quasi-passive tracer as N2O can be used in the tropical lower stratosphere to isolate the horizontal mixing effects (Figure 7) . A significant improvement in the new version of the ULAQ-CCM has been reached with respect to the one discussed in Strahan et al. [28] and Douglass et al. [54] . The model bias relative to SMR observations in the tropical region [55, 56] Figure 2 . As expected from the age of air model evaluation presented in Figure 6 , the age correlation with N2O in the ULAQ-CCM is compact and with a realistic height-dependent slope, if compared to observations (Figure 7b) . A 50-70 hPa latitudinal section of N2O is presented in Figure 7c ,d along with SMR observed data. The model bias is inside the range of variability of SMR measurements, with a model tendency to underestimate the tracer in the Southern Hemisphere mid-latitudes and overestimate it in the Northern Hemisphere subtropics. The robustness of the model calculated age of air anomalies requires a careful evaluation of the stratospheric mean age in the ULAQ-CCM. This is done in Figure 6 , where we first show the zonally and annually averaged values in a 2D domain (Figure 6a ): the ULAQ-CCM results are rather similar to those derived in Strahan et al. [28] who made a linear fit to the mean age and N 2 O points (with N 2 O > 150 ppbv), using N 2 O from the Atmospheric Chemistry Experiment (ACE) climatology 2004-2009 [52] . The age steep gradients are correctly simulated, both horizontally in the 10-50 hPa layer and vertically in the 50-100 hPa layer in the extratropics. A quantitative comparison with the measurements collected in Andrews et al. [53] and Engel et al. [30] is presented in Figure 6b -e: in all cases, the ULAQ-CCM predictions are well inside the 1σ variability range of observations and close to their mean values. For this reason, the model bias with respect to the measurement mean is close to zero for both the tropical age of air and the age latitudinal gradient (Figure 6f,g ) and well inside the 1σ variability range of the observations.
As noted before, a quasi-passive tracer as N 2 O can be used in the tropical lower stratosphere to isolate the horizontal mixing effects (Figure 7) . A significant improvement in the new version of the ULAQ-CCM has been reached with respect to the one discussed in Strahan et al. [28] and Douglass et al. [54] . The model bias relative to SMR observations in the tropical region [55, 56] Below 30 hPa, tropical N2O has a very small vertical gradient, because it has essentially no loss from UV photolysis and then volcanic aerosol induced changes in the ascent rate have negligible effect on its mixing ratio. The slight positive N2O change of Figure 7a in the 30-50 hPa tropical layer (0-3 ppbv) is caused by a coupling of the additional upwelling and a decreased efficiency of the horizontal mixing. This is made clear in Figure 8a , where we show the latitude dependent VE-REF mean zonal anomalies of N2O and CH4 horizontal eddy mass fluxes in the upper troposphere-lower stratosphere (UTLS), for one year after the Pinatubo eruption. The horizontal mixing of these long-lived tracers is reduced as a consequence of the atmospheric stabilization produced by the volcanic aerosol induced tropospheric cooling and lower stratospheric heating. The model calculated average extratropical mass flux anomaly is shown in Figure 8b ,c, in absolute and relative units, respectively (approximately −10% for both tracers in both hemispheres). The latitudinal behavior of these anomalies (Figure 8a ) is also very similar to that of w* in Figure 2c . At the subtropical barrier, the calculated horizontal flux anomalies VE-REF are −13 kg/km 2 /year between 20°S and 30°S and N and 30 • N, i.e., a relative anomaly of −6% in both hemispheres. These in turn produce a negative anomaly of the tracers above the tropopause since less mass is exported outside the tropics for long-lived tracers with surface source and stratospheric sink.
Satellite data have also been used for an evaluation of the model calculated CH 4 mixing ratios. Unlike N 2 O, methane cannot be considered a completely passive tracer in the lower stratosphere, due to the OH sink. Their stratospheric lifetimes, however, are comparable (~130 years). HALOE observations [57] were used in Figure 9 to calculate the ULAQ-CCM CH 4 (Figure 7b,c) . This is an indication of a model horizontal mixing somewhat too slow in the Southern Hemisphere subtropics and the opposite in the Northern Hemisphere.
Atmosphere 2016, 7, 149 13 of 22 −10 kg/km 2 /year between 20°N and 30°N, i.e., a relative anomaly of −6% in both hemispheres. These in turn produce a negative anomaly of the tracers above the tropopause since less mass is exported outside the tropics for long-lived tracers with surface source and stratospheric sink. Satellite data have also been used for an evaluation of the model calculated CH4 mixing ratios. Unlike N2O, methane cannot be considered a completely passive tracer in the lower stratosphere, due to the OH sink. Their stratospheric lifetimes, however, are comparable (~130 years). HALOE observations [57] were used in Figure 9 to calculate the ULAQ-CCM CH4 bias in the tropics (1991-2005 time average): it results again close to zero (Figure 9a) . The post-Pinatubo VE-REF positive anomaly above 30 hPa (red dashed line) is of the order of 30 ppbv, again as a direct consequence of the additional upwelling shown in Figure 2 . As for N2O, a compact age of air correlation with CH4 is obtained in the ULAQ-CCM and with a realistic height-dependent slope, if compared to observations (Figure 9b) . A 50-70 hPa latitudinal section of CH4 is presented in Figure 9c ,d along with HALOE observed data. The model bias is well inside the range of variability of the measurements, with the same tendencies to under-and over-estimate in the Southern and Northern Hemisphere extratropics, as shown for N2O (Figure 7b,c) . This is an indication of a model horizontal mixing somewhat too slow in the Southern Hemisphere subtropics and the opposite in the Northern Hemisphere. The dynamical perturbations resulting from stratospheric volcanic aerosols have been shown to have a significant impact on the large scale transport of ozone and other atmospheric tracers [11, 58] . The radiatively forced changes of the stratospheric circulation during the first two years after the Pinatubo eruption may help explain the observed trend decline of long-lived greenhouse gases (N2O and CH4, in particular) [19, 59] and the satellite observed feature consisting of a 2% additional global ozone depletion during 1993 with respect 1992 [60, 61] . As discussed in Pitari and Mancini [62] , this additional depletion may in part derive from the volcanic aerosol cloud dispersal (with enhanced heterogeneous chemical reactions at mid-high latitudes) and in part from the attenuation of the volcanic aerosol radiative impact on the stratospheric circulation in 1992/1993 with respect to 1991/1992. The largest increase of the extratropical downward ozone fluxes in the lower branch of the Brewer-Dobson circulation took place during the first year after the eruption. The tracer was then transported more efficiently towards lower altitudes closer to the tropopause, where the O3 chemical lifetime is longer. This partially mitigated in the total column the 1991/1992 chemically induced O3 loss in the lower stratosphere. Substantial perturbations in the trends of greenhouse gases (CH4, N2O) occurred during 1992/1993: the average pre-Pinatubo rate of increase in atmospheric mixing ratios of The dynamical perturbations resulting from stratospheric volcanic aerosols have been shown to have a significant impact on the large scale transport of ozone and other atmospheric tracers [11, 58] . The radiatively forced changes of the stratospheric circulation during the first two years after the Pinatubo eruption may help explain the observed trend decline of long-lived greenhouse gases (N 2 O and CH 4 , in particular) [19, 59] and the satellite observed feature consisting of a 2% additional global ozone depletion during 1993 with respect 1992 [60, 61] . As discussed in Pitari and Mancini [62] , this additional depletion may in part derive from the volcanic aerosol cloud dispersal (with enhanced heterogeneous chemical reactions at mid-high latitudes) and in part from the attenuation of the volcanic aerosol radiative impact on the stratospheric circulation in 1992/1993 with respect to 1991/1992. The largest increase of the extratropical downward ozone fluxes in the lower branch of the Brewer-Dobson circulation took place during the first year after the eruption. The tracer was then transported more efficiently towards lower altitudes closer to the tropopause, where the O 3 chemical lifetime is longer. This partially mitigated in the total column the 1991/1992 chemically induced O 3 loss in the lower stratosphere. Substantial perturbations in the trends of greenhouse gases (CH 4 , N 2 O) occurred during 1992/1993: the average pre-Pinatubo rate of increase in atmospheric mixing ratios of CH 4 declined consistently in the Northern Hemisphere (from 11.6 to 1.8 ppbv/year) [19] , and a similar behavior was found for N 2 O (from 1.0 to 0.5 ppbv/year) [59] .
As discussed with regard to the w* anomaly shown in Figure 2 , an increase of the mid-to high-latitude downward flux at the tropopause may be the key factor for explaining the behavior of these atmospheric tracers during 1992 [4] . Since the stratosphere contains lower mixing ratios of N 2 O and CH 4 , a decline in the observed trends could result from a higher degree of exchange between the stratosphere and the troposphere. The anomalies of the stratospheric circulation (radiatively forced by the Pinatubo aerosols) could indeed increase the mid-latitude stratosphere-troposphere flux of atmospheric tracers. As discussed before (see Figures 7-9) , the increased isolation of the tropical pipe also plays a role, by decreasing the horizontal mixing in the UTLS and then the CH 4 and N 2 O export from the tropical reservoir to the extratropics. This is clearly visible in Figure 10a ,b for CH 4 and Figure 10c ,d for N 2 O. Besides the previously discussed positive anomaly in the tropics (Figure 10a,c) , due to the increasing ascent rate and the decreasing horizontal mixing, a clear UTLS decrease is calculated in the extratropics, with a latitude-averaged peak of −23 ± 6 ppbv for CH 4 The time series of CH 4 and N 2 O mixing ratios at 30 hPa are presented in Figure 11 , along with the species growth rate averaged in the pressure layer of the extratropical tropopause (150-250 hPa). The post-Pinatubo mid-stratospheric increase of CH 4 is clearly visible in Figure 11a , as well as the abrupt decrease of its growth rate in the extratropical tropopause layer in the VE case (Figure 11b ). This behavior is also found in the growth rate observed at surface stations in 1992 [63] The positive VE-REF growth rate anomaly during 1983 after the El Chichón eruption results from an OH decrease in the troposphere, due to the decreased solar UV flux produced by the enhanced aerosol radiation scattering in the stratosphere [21] and by the tropospheric cooling with decreased amounts of water vapor. This positive anomaly is not sufficiently counteracted by the increased stratosphere-troposphere exchange. This is because the easterly shear of the QBO in the months following the El Chichón eruption, coupled with the geographical location of the eruption (at the northern edge of the tropical band), had produced a faster aerosol cloud dispersal towards the Northern Hemisphere mid-high latitudes. This produced smaller latitudinal gradients of the aerosol heating rates and lasting for a shorter amount of time [6] . The analysis of Bāndă et al. [21] estimated a reduction in tropospheric OH concentrations after the Pinatubo eruption such to cause an increase in the CH4 growth rate of 4 and 2 ppbv/year in the first and second year after the eruption, which could imply an impact of the enhanced stratosphere-troposphere exchange significantly larger than the observed growth rate decrease of 8 ppbv/year.
The N2O mid-stratospheric tropical time series in Figure 11c highlights the VE enhancement not only after the Pinatubo eruption but also after Agung and El Chichón. The observed change in the N2O growth rate is −0.4 ppbv/year in 1992 with respect to pre-Pinatubo years (1988) (1989) (1990) (1991) , with a corresponding VE-REF calculated anomaly equal to −0.8 ± 0.2 ppbv/year at the extratropical tropopause layer (Figure 11d ). The major difference between the surface observed growth rates and the tropopause VE-REF calculated anomalies is during 1993/1994, when the latter come back to statistically insignificant small values, contrary to the surface observed growth rates that are still significantly lower than the pre-Pinatubo values. On the other hand, we should consider that in the model a prescribed time-dependent surface mixing ratio is used for all long-lived species [44] and it is kept unchanged between VE and REF simulations. The tropopause mixing ratios may then adjust to an "aerosol unperturbed" circulation faster than boundary layer mixing ratios in the real atmosphere, where the whole troposphere could have adjusted to lower mixing ratio values at the extratropical tropopause during 1992. The positive VE-REF growth rate anomaly during 1983 after the El Chichón eruption results from an OH decrease in the troposphere, due to the decreased solar UV flux produced by the enhanced aerosol radiation scattering in the stratosphere [21] and by the tropospheric cooling with decreased amounts of water vapor. This positive anomaly is not sufficiently counteracted by the increased stratosphere-troposphere exchange. This is because the easterly shear of the QBO in the months following the El Chichón eruption, coupled with the geographical location of the eruption (at the northern edge of the tropical band), had produced a faster aerosol cloud dispersal towards the Northern Hemisphere mid-high latitudes. This produced smaller latitudinal gradients of the aerosol heating rates and lasting for a shorter amount of time [6] . The analysis of Bāndȃ et al. [21] estimated a reduction in tropospheric OH concentrations after the Pinatubo eruption such to cause an increase in the CH 4 growth rate of 4 and 2 ppbv/year in the first and second year after the eruption, which could imply an impact of the enhanced stratosphere-troposphere exchange significantly larger than the observed growth rate decrease of 8 ppbv/year.
The N 2 O mid-stratospheric tropical time series in Figure 11c highlights the VE enhancement not only after the Pinatubo eruption but also after Agung and El Chichón. The observed change in the N 2 O growth rate is −0.4 ppbv/year in 1992 with respect to pre-Pinatubo years (1988) (1989) (1990) (1991) , with a corresponding VE-REF calculated anomaly equal to −0.8 ± 0.2 ppbv/year at the extratropical tropopause layer (Figure 11d ). The major difference between the surface observed growth rates and the tropopause VE-REF calculated anomalies is during 1993/1994, when the latter come back to statistically insignificant small values, contrary to the surface observed growth rates that are still significantly lower than the pre-Pinatubo values. On the other hand, we should consider that in the model a prescribed time-dependent surface mixing ratio is used for all long-lived species [44] and it is kept unchanged between VE and REF simulations. The tropopause mixing ratios may then adjust to an "aerosol unperturbed" circulation faster than boundary layer mixing ratios in the real atmosphere, where the whole troposphere could have adjusted to lower mixing ratio values at the extratropical tropopause during 1992.
Another clear example of the significant radiative impact of stratospheric volcanic aerosols on trace species is presented in Figure 12 . Here we look at post-Pinatubo radiative effects on tropical ozone. The first type of radiative perturbation acts by lowering the O 3 production below~23 km altitude, because of the aerosol cloud screening to the incoming solar UV radiation, with consequent decrease of O 2 photolysis (Figure 12a) . The second type of radiative perturbation acts decreasing the lower stratospheric tropical O 3 concentration via the enhanced ascent rate originated by the strong latitudinal gradient of the volcanic aerosol heating rates in the lower stratosphere (Figure 12b) . We compare the observed profile change during October-November 1991 with respect to April-May-June 1991 at Brazzaville, Congo [64] with the ULAQ-CCM results for the two simulations (VE and REF). In both these simulations, the aerosol SAD is prescribed from an external data source [44] Another clear example of the significant radiative impact of stratospheric volcanic aerosols on trace species is presented in Figure 12 . Here we look at post-Pinatubo radiative effects on tropical ozone. The first type of radiative perturbation acts by lowering the O3 production below ~23 km altitude, because of the aerosol cloud screening to the incoming solar UV radiation, with consequent decrease of O2 photolysis (Figure 12a) . The second type of radiative perturbation acts decreasing the lower stratospheric tropical O3 concentration via the enhanced ascent rate originated by the strong latitudinal gradient of the volcanic aerosol heating rates in the lower stratosphere (Figure 12b) . We compare the observed profile change during October-November 1991 with respect to April-May-June 1991 at Brazzaville, Congo [64] with the ULAQ-CCM results for the two simulations (VE and REF). In both these simulations, the aerosol SAD is prescribed from an external data source [44] , so that the heterogeneous chemical impact on O3 is the same in both VE and REF simulations 
Conclusions
A process-evaluated climate-chemistry coupled model (ULAQ-CCM) has been used in the present work to study the effects on trace species transport of the radiatively forced changes of the stratospheric circulation after major volcanic eruptions. We show that the observed trend decline of long-lived greenhouse gases (N2O and CH4, in particular) one year after the Pinatubo eruption [19, 59] is quantitatively consistent with the higher degree of stratosphere-troposphere exchange, due to the radiatively enhanced Brewer-Dobson circulation. Satellite observations have also highlighted a 2% additional global ozone depletion during 1993 with respect 1992. This additional depletion may in part derive from the volcanic aerosol cloud dispersal, with enhanced heterogeneous chemical reactions at mid-high latitudes during 1993. In addition, it may derive from the attenuation of the volcanic aerosol radiative impact on the stratospheric circulation in 1992/1993 with respect to 1991/1992, when the extratropical downward ozone fluxes were significantly enhanced by the 
A process-evaluated climate-chemistry coupled model (ULAQ-CCM) has been used in the present work to study the effects on trace species transport of the radiatively forced changes of the stratospheric circulation after major volcanic eruptions. We show that the observed trend decline of long-lived greenhouse gases (N 2 O and CH 4 , in particular) one year after the Pinatubo eruption [19, 59] is quantitatively consistent with the higher degree of stratosphere-troposphere exchange, due to the radiatively enhanced Brewer-Dobson circulation. Satellite observations have also highlighted a 2% additional global ozone depletion during 1993 with respect 1992. This additional depletion may in part derive from the volcanic aerosol cloud dispersal, with enhanced heterogeneous chemical reactions at mid-high latitudes during 1993. In addition, it may derive from the attenuation of the volcanic aerosol radiative impact on the stratospheric circulation in 1992/1993 with respect to 1991/1992, when the extratropical downward ozone fluxes were significantly enhanced by the Pinatubo volcanic aerosols. A coupling of photochemical and dynamical perturbations is necessary to correctly understand the observed features of the post-Pinatubo ozone depletion.
The mid-high latitude UTLS mixing ratios of long-lived species with tropospheric source and stratospheric sink (as N 2 O, CH 4 , CFCs, HCFCs etc.), may also change with a less efficient horizontal mixing, so that the export of tracer mass from the tropical reservoir toward the mid-latitudes decreases. Below 30 hPa, the tropical N 2 O is quasi-uniform in vertical because it has essentially no loss and the volcanic aerosol induced changes in the tropical ascent rate have small effects on its mixing ratio. The slight positive N 2 O anomaly calculated in the ULAQ-CCM in the 30-50 hPa layer during 1991/1992 is then caused by a coupling of the additional upwelling and a decreased efficiency of the horizontal mixing. The latter results from the atmospheric stabilization produced by the volcanic aerosol induced tropospheric cooling and lower stratospheric heating. Other possible causes for the declining or stalling CH 4 growth rate in the 1990s until 2006 have been reported in the recent literature and deal with tropospheric OH variability [22] and decreasing anthropogenic CH 4 emissions in Europe and Siberia [23, 24] , which are documented by Dedikov et al. [65] .
Another effect of the volcanic aerosol radiative perturbation on the stratospheric dynamics may be found looking at the stratospheric age-of-air. According to the ULAQ-CCM, the enhanced tropical upwelling tends to decrease the tropical age of air and latitudinal age gradient after the major volcanic eruptions. This is more evident after Pinatubo, due to the better aerosol confinement in the tropical pipe favored by the QBO easterly shear in the months following this eruption. Similar results were also obtained in the work of Ray et al. [17] , who made use of SF 6 and CO 2 measurements along a tropical leaky pipe model to study the stratospheric age of air from 1975 to 2012. Our analysis also suggests that trends in age of air are strongly dependent on ozone changes, increase of well mixed GHGs (including SST warming) and volcanic eruptions, consistently with the findings of Garfinkel et al. [29] . A negative age trend related to a stronger BDC characterizes the full tropical stratosphere (mid and lower) during the period from 1960 to 1986, as consequence of the ozone depletion and increase of well mixed GHGs. In the 1990s and later, mid stratosphere age of air increases as a consequence of the rising ozone concentration, and the eruption of Pinatubo contributes to intensify this positive trend. Otherwise, lower stratosphere age of air continuously declines because of GHG rising and SST warming.
